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ABSTRACT

Two independent constraints are placed on the amount of dark matter
in black holes contained in the galactic disk., Gas aceretion by black
holes leads to X-ray emission which cannot exceed the observed soft
X-ray Dbackground. Second, metals produced in stellar processes that
lead to black hole formation cannot exceed the observed disk metal
" abundance. Based on these constraints, it appears unlikely that the
missing disk mass could be contained in black holes. A consequence of
this conclusion is that at least two different types of dark matter are

necessary to solve the various missing mass problems.

Submitted for publication in the Astrophysical Journal, 5/85.



I. [INTRQDUCTION

A husber of dark matter probDless have Deen brought Lo light. Dark
matter appears on scidlass as large as the sntire Univerae, on ascales of
galactic halos (Faber and Gallagher, 1979}, on scales of dwart
aspheroidal gslaxtes (Aaronson, 1983; Faber &nd Lin, 1983; Lake and
Schommer 1983), finally down to the scale of within a few parasecs of the
aolar system (Bahcall, 198%), Numeroua candidates for the misslng mass
include resnanta from the big bang (masalve neutrinos, axiona,
monopales, atc.} or baryonlc matter {black holes, Jupiters, dust,
[11-3 I

If we bellieve the cosmologlcal density parameter 0 = 1 (@ = p/yc.
where the critlcal density < 1,88 « 101 gewd ana n -
H /(100 km 3 ' #pc™'} s the scaled Hubble psrameter), then & large
fraction of the total msaay of the Universe sust be non-baryonlc, alnce
primordial nucleosynthesis requires Lhe rr;ctlon of & dus Lo baryona,
G, to be less than 0.2 (Yang, etal. 1384). On the scale of saall
groups of galaxies, evidence Indicates that O < 0.2-0.31 (Davis and
Paebles 19831) and may be all or largely baryonic. On galactlc sceles
the mass-to-light ratlios of apiral galaxles Indicats that 0 > 0.05
{Faber and Gallagher 1979). It has been argued (Megyl and Olive 1983,
1985} that with the possitie exception of black holes, galactic halos
cannot be baryonlc.

In thia paper we examine y¢t another dark matter problem, the dark
satter 1n the galactic disk. Bahcall (1984) detersinas the total mass
denaity In the sgjar neighborhood by solving rfor the gravitational

patentlal in the dlak of the galaxy. If the dark satter 1a distributed

about Ltwice the lumlnous mass density. The identity of the local dark
satler, with denalty 0.1 "opc“3‘ is the subject of this paper. The
local dark malter cannot be dissipationless particles (like neulrinos or
axlons} aince It must be confined to the dalak, The most reascnsble
guess 13 that the local dark matter 1s baryons, but (L |3 not clear what
form the baryons take.

1t should be smphasized that the local dark matter In the disk is a
separate¢ problem from the halo dark matter, and that the halo dark
matter makes a negligible contribution to the disk. If we assume the

halo denalty falls off as P2

2, and the mass of the nalo 13 M - 4sAR, where R, 1a the maxinue

aa deduced (rom cotation Curves, PUaLO =
Ar
extent of the halo. A disk of radius HD and height 1 contalns a
contribution to 1ts mass from halo wmaterial of about 2sA x tn(R/r )
where Fo is a cutoff at the center of the galaxy. if we assupé Lhe
total mass of the disk is a fraction rD of the total halo mass, then the
halo mater|al contributes a fraction z In(HD;pD)JerDRH al the dlsk mays,
This Traction is -10f for reasonable values of the parameters, in
agreement with Bahcall's models.

Black holes are » poasivle candidate for dark salter. Il Lhey are
the primary component of the local dark matter, Bahcall finds thal their
mass densily msuat lte in the range 0.07-0.14 Hap¢'3. In our analysls we

will assume - 0.1 Hepc'3. and, wheraver appropriate, we will also

3-

o
give limits for Bancall's minisum value, Pay * 0.07 "OPC_

In this paper we conalder Ltwe condequences of black holes a3 the
dark matter iIn the galactic diak: the production of soft x-rays due to

accretlion of interstellar matter onto Lhe black heles, and the



production of metala In the disk durlng processes leading Lo formation
of black holes, X-ray production dependy upon the efficlency of
converting accreted matter Into radiatlon, and metal productlon depends
upon the Iinitial sass function of the black hole progenitors, The
iimits we place on the radtatlon efficlency and on the Inttla]l mass
functlon are Dutside the srpected values, hance we conclyde that black
holes are unlikely to ba the local dark matter.

Before proceeding, It 13 useful to note that Baheall, Hut, and
Tresaine (1985) have shown that If the mass of the objects comprising
the dark matter in the dlsk were greater than 2 "D' they would disrupt

weakly bound binaries In the disk,

1I. ACCRETION ONTO BLACK HOLES

Black holes traversing the {nterstellar medjua will accrete gas.
We can derive an upper limit on the mass of black holes by requiring
that the amount of radlation produced by accretion be leas than the
observed uwpper 1imits. The radiation efficiency, £, 13 podel dependent,
but most estimates are (n the range ¢ * 0.1 (Meszaros 1975; Ipaser and
Frice 1977, Ress 1977},

A black hole of mass M moving at aupersconic velocity v through a
wediup of denajty n wlll accrete maas at a rate (Bondl 1992)

M -‘107(H/ne)2(nfcn'3)tauoums"/v)3 g al. (2.

The lumlnosity due 1o the accretion will be {(we set i = ¢ = 1)

L-cM . 2.2)

where ¢ I3 the efficlency of converting the accreting mass to radiatlion.
If we take (Bahcall 198X) the local density to be n = 1.85 ca™3 ang the

velocity to be v < 20kms ', then

L-8.103, (H/H°)2 erg o, (2.3

Carr (1979) set a limit on the maas densalty of black holes in the diak
by comparing the radlation emitted by the black holes to the background
photon spectrum. If we assuwme that our galaxy is rathar typical, the
radiation snergy density due to accretion will be p = L‘u"gu- whera 1t
= 6.5 « 107 1! yrs 18 the age of 2 matter-dominated, k = 0 Unlverse and
ng“ is the average number density of black holea in the Unlverse (which,

of course, i8 less than the number density in the disk). WNe can express

"gH as

u -1 u
foi = AguPeM 2.0

vhers nBH 13 the fraction of the.crjtlcal density (pc) due to disk black
holea, Wa take na" = Qig/2 whers i, is the total contribution to O from
all disk matier. The value of an 1s limited by

-1 -3
Oy~ (MWL) Lag ® (M/L}, (1200h) {2.5)

with L the total luminosity density of the night  sky, L =



8 -
2 2 10%n LaHpc 3 (Kirshner, Oemler, Schechter 1979). It we yse
Bahcall's value for (H/L}D = ] [(Bahcall 198%] we have gy 2

-3 -1 -3 -
2.5 2 10 3 h™', and hence nBH 21.25 » 10 3 nl. wWitn this value for

| BH
{hence "BH)' 9g = pp’/eg 13
Le Y
a LB 10750t
R = 9.15 » 10 BH(HJ’HG)( (2.6)
ol'.‘
1 By, 2 1.25 « 10730, then
-8,-2
Bg 2 1,18 « 10 °0 “(W/Mg)e | (2.7)

A reaaonable assuaptlon for the spectrus of radlation from the
accretion Is that the bulk Is iIn the soft X-ray reglon, The
observatlonal limjt to the energy denaity in X-rays ia By s 3w ‘O-Bh-Z

(S11x 1973, Elchler ana Sollager 1976), which requires

(H/Halcx £ 2.6 (2.8}

where € 18 Lhe elfeclency (or producing soft X-rays. Thia limit 1s
eosentially the limit of Carr {1979). It is only interesting for M >
25 Mg, but we have seen that the existence of wide binaries implles M ¢
2 M. However, the limlt can be Improved if we conalder the contribution
Lo the local X-ray flux, rather than Lhe globa) (lux, and take advantage

of the Fact that we live In a galaxy wlth nearby sources.

To model the pholon emissjon, we Will assume Lhat & black hole
radiates llke a blackbody with a radiating surface at a radius R from
the black hole, We expect R Lo be several Schwarzschlld radil, 30 we

write R 1n units of the Schwarzschlla rsdius

”5 - 20M T 3 (MMg) xm {2.9)
The spectrum of emitted radlatlon 1s unlikely to be blackbody. However,
the X-ray limiLs lesprove with photon energy, and since for fized
luminosity any other reasonable apectrum will be harder than a
blackbody, the assumption of a blackbody will lead to the most
conservative 11pit, Neé a)lso assupe the radiatjon comes fros 8 spherical
surface, If the radlation coses from "hot apols™ (rather than a
spharical surface) It will contain mors high energy photons for a [lxed
lumlnosity than & blackbody, 30 agaln the assumption of a blackbody will
yield a conaervative 1imit. Finally, we wlll conslider Lwo radiy for the
emitting surlace.

The total luminosity of a black hole wilh radlating surface at R i3

1

L= gavu e 10 (R/RG)Z (nrm 2(1/30ev)" arg 377, 12.10)

o}

and the d¢lfferential tuminoaity will be

2
3
alL 1% R ™ E ¥ _~-)
a 4.7 410 = = erg wev a ', (2.11)
dE (as) ("e) (explE/T}-1]




If the black hole 13 at a distance 1, the differential ensrgy flux

seasured by a detector Is

EE - EE Elp['l(l.E]]/“Ilz, (2.12)

oE dE

where the absorption Llength, 1, 18 related to the absorptlon cross

section, 4, (E}, and the nusber density of sbsorbera, f,, by
t
T{(1.E) = [ n,(r)e,(r)dr . (2.13)

In caleulating t(2.E) we adopt the McKee-Ostriker (1977} three-phase
model of the interstellar medius as usad by Kolb and Turner {1984) for
absorptlion of soft X-rays from neutron stara. We alsco use "A(E, -
6 - 10-23(E/kev) Jea? (Brown and Gould 1970; Ride and Walker 1977} for
the absorption cross section. For soft X-rays, the photoionization of
elements heavler than hydrogen §s not lsportant.

Il we assume that the black holes are distributed &bout us to &
distance R with a number denslity PoNe then their total contributlion to

M
the dilfferential energy flux per sr. la

oF _"on MM oaL

Frie LT expl-1(t,E)jat . [2.14)

In order for Lhe black holes to account for the misalng mass in the

-1 -
disk, nBH = 10 (Hofn)pc 3,

We will use a recent ocbasrvation of McCaamon, Burrowa, Sanders and
Kraushaar (1983) (MBSK) of the soft X-ray background flux to limit the
radiation from the black holes, From the expscted energy [lux In

Eq. (2.14) we oan oalculate a count-rate for MBSK

rc = [ dF/dE A(E)dE {2.1%)

whers A{E) s a detasctor response functlion. For the relevant band of
tnterest (the C-band - 0.13 keV € E ¢ (.28 ke¥), A(E) can be [it as

{Kolb and Turner 198%)

ACEY = 1,33 = 107" (E<0.13keV) erg”temPar kev!. {2.16)

Uatng Eqa. (2.16), {2.1%), {2.13), and (2.11)} In Eq. (2.15) we have
calculated the counting rate, rc, as a function of the blackbody
temperature for ssveral values of “3 and H.' If we require that the
counting rate be less than 173 of the all sky average {there are
algnificant regions with rates less than 1/3 average), we can llsit the
blackbody temperature, hence Lhe lusinosity. We can expreas thla lislt
on the black hole luminoaity as a limit on c¢. The limit on ¢, t"'x. is
shown in Figure 1 for two values of tha radius of the esitting surface,

It should be noted that ¢ Is the total efficlency, not the
efficliency ip X-rays aa the previous limit. If R = ZHS, ¢ ls greater

2

than 1072 only If M < 1 M., unile if B = SRg, ¢ 13 greater than 10

———— .

L}
Since absorption by the ISM 13 Isportant, the counting rate ls

insensitive to RH.
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only for M < 35 M. if'c = 107" an expectsd, then eltner R > 5 fg or M

CCV Mo - elther option Is unllikely.!

‘For a review, and rererences to the extensive literature on the subject
of radiation in sccretion onto black holes, see Shapirc and Teukolaky
[1983).

1I1. BLACK HOLE FORMATION AND METALICETY

Black holes In the halc may be prisordial  (or at  lesat
pre-galactic) In origin, However the diak Ls a atructure that has
undergone disalpation and diaslipationless black holes in the disk could
not have formed bafore the disk. In this saction we assume that the
black hoies in the disk were formed in the courae of atellar evolution
‘ln the galaxy, In their formaticn there was probably an ejectlon of
®a33 with a concomitant enrlchment In metaliclty of the interstelilar
wedlum, We can limlt the posaibility of black holes ln the dlak by
requiring that their formation not lead to an Overenrichment in metals.

All the limits we derive will depend on the wass of the black holes
In the disk, which, in turn, depand on the Initial mass Cunctlon of tha
stars from which they were formed, Following Carr, Bond and Arnett
(1984) we will take B M, 43 the alnlaun maas star which ylelds a black
hole. For stars in the range (8-100) M, we assume that the production
of the bplack hole |3 accompanied by a large amount of ejected malter
(i.e. the maas of a black hole lformed from stare in thia range s much

Leas than the initlal maas), For stars mores massive than 100 "i we will

simply assume that they may have rormed black holes withoul any ejected
matter. Thus our arguments reisting to setallcliy #re only valid for
stars leas massive than 100 M. However for bDlack holes ulth M. > 100 Mg
the argusents of the previous sectlon ang thaae of Bahcall, Hut,
Tremaine already rule them out.

For stars in the msass range {(6-100) "0- we will assume that thelr

distripution can be described by an initlal mass function of the fors
on) = w110 : (3.1}

where ¢ 13 the nusber of stars formed per unit yolume per unit sass.
The slope of the Initial mass functfon, x, is (itted to obaervat lons ang
depends on the maas range, In general the higher the masa range, the
steeper the alope (larger x). Values for x have been quated a3: x - 2.3
ror (10-60) H’ {(Miller and Scalo 1979)}; x = 2.0 (Lequeux 1979) and wore
recently x - 1.6 Tor M > 20 M. (Garmany, Conti and Chioal 1962). Ve
will assume 2 single value for x In the range (B-100) HO which enhances
the low mass &nd of the Apeclrum relative to the case with saaller x for
spaller masses.

We can derlve a lower limit to the Slops of the initlal ma3a
function by requiring that the oOverall metalicity Z in the disk not
exceed 2.5% {one could actually argue for Z < 2%), We calculate Lhe
metaliclity produced by stars lan the range (8-100) H‘ by taking the mass
fraction or metals ejected by the star (ArneLt 1978) and integratlng

over the LniLial mass function. The overall metallcity 13 deflned as



1. ﬂ./po (3.2)

where pals the mass denaity of metals and Py 13 the total observed (not

Ineluding black holea}, 1If 501 of the disk 13 msade of black holes of
nsas (l-z)Ho which (ormed from atars of msaas greater than SHG, we are
forced Lo assume Lhatl essentlially all of the diak has gone Lhrough
stellar processing at least once. Thus the abundance of metals will be

(for & given Initlal stellar mass)

ey IH-JIH)pl (3.3

vhere (H' /M) 13 the fraction of the inltial »stellar manss which La

3
ejectad in the form of metals and Py 1a the fraction of tha maas density
processed by black holes. For (HEJ/H). we use the calculation of Arnett
(1978) for the mass range B-~100 HO‘ In Table ' we list Arnett's values

of H' /M. 1f the denslty which 13 eventuslly to ba left over In the fors

J

of black holes is comparable to the observed denslty, then

L ?po - 2ppy (3.4)
and

Z(M} = Polpgy ™ (H!J/H) 2lpgy/og) - Z(HEJ/H) {3.5)

We then Integrate Eq. (3.5) over the inltlal mass function to glve

13

1 [z(n)otum (3.6}

Our results for I as & Cfunction of the slops of the Initlal masa

functlon are shown in Flgure 2. We see that for 2 ¢ 2.58 we have x >

6.7, This is to be compared with the expected values given sarller x ¢

2.3, (For Ppy = 0.07, the limit becomes x > 5.2)

‘He esphasize that we do not expect that the initial wmaas [function
for black hole progenitor stars to differ greatly from that of Pop. I
atars. These black holes muat have formed in the disk in situationa not
very different than those pressntly observed. One cannot In this case
argus that black holes were formed by Population I1L atars whose maas
tfunction wam very differsnt than Population I stars, as could be the
ocase for halo objecta. Therefors, low wmass black holes that lorsed from
progenitor atars In the masa range (8-100) "9 cannot provide the dark
matter in Lha disk,

In conclusion, we have considered the possiblliity that Lthe dark

matter In the disk consists of black holes formed In the course of

galactlc atellar evolutlon. Examination of two observaticnal
consequences of the black hole hypothesis -- radiation from gas
accretion and metal production in the formation -- lead ua to con¢lude

that it 18 unlikely that black holes are the local dark matter. We have
recently learned that J. McDowsll {1985) has also exasmlned the role of
black holes In the disk. Note that our conslderations of the
consequences of black holes would alse apply to neutron atars,
Radlation is produced in accretion onto neutron stars, and metals are

produced during neutron atar formation,
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TABLE 1

Metal Production in Black Hole Formation

MM, "e]’"'
10 5a10"3
2 0.087
1] 0.12%
22 ©.164
28 a.24
5 0.%
50 0.35
1% 0.1
95 G.u2

' Tawen from Arnstt (1978),
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Filgure 2: The netalicity as a {unct:.cn of the slope
of the initial mass function.




